Efforts to identify wildlife reservoirs for tick-borne pathogens are frequently limited by poor understanding of tickhost interactions and potentially transient infectivity of hosts under natural conditions. To identify reservoir hosts for lone star tick (Amblyomma americanum)-associated pathogens, we used a novel technology. In fi eld-collected ticks, we used PCR to amplify a portion of the 18S rRNA gene in remnant blood meal DNA. Reverse line blot hybridization with host-specifi c probes was then used to subsequently detect and identify amplifi ed DNA. Although several other taxa of wildlife hosts contribute to tick infection rates, our results confi rm that the white-tailed deer (Odocoileus virginianus) is a reservoir host for several A. americanum-associated pathogens. Identifi cation of host blood meal frequency and reservoir competence can help in determining human infection rates caused by these pathogens. Z oonotic pathogens, which reside in animal reservoir species and may at times spill over into human populations, are emerging at an unprecedented rate (1). Among these pathogens, several vector-borne pathogens have garnered considerable attention for the toll they exact on human health, which a growing body of evidence indicates may be exacerbated by anthropogenic environmental change (2-4). A rigorous understanding of the transmission dynamics of pathogens from infected wildlife hosts to vector organisms is critical to explorations of the ecology of vector-borne diseases.
Z oonotic pathogens, which reside in animal reservoir species and may at times spill over into human populations, are emerging at an unprecedented rate (1) . Among these pathogens, several vector-borne pathogens have garnered considerable attention for the toll they exact on human health, which a growing body of evidence indicates may be exacerbated by anthropogenic environmental change (2) (3) (4) . A rigorous understanding of the transmission dynamics of pathogens from infected wildlife hosts to vector organisms is critical to explorations of the ecology of vector-borne diseases.
Among the most rapidly emerging vector-borne zoonotic pathogens in the United States are several that are transmitted by the lone star tick (Amblyomma americanum). These pathogens include Ehrlichia chaffeensis and E. ewingii, both agents of human ehrlichiosis, and Borrelia lonestari, a potential agent of southern tick-associated rash illness (5) . Ticks generally acquire pathogens by 2 primary modes of transmission: vertical (i.e., transovarial) transmission, whereby the pathogen is acquired maternally during development of the egg, and horizontally, whereby the pathogen is acquired through a blood meal on a reservoir-competent and infectious animal host. Recent research suggests that E. chaffeensis and E. ewingii are acquired horizontally (6, 7) ; B. lonestari is likely transmitted horizontally and vertically (8). Several lines of evidence suggest that white-tailed deer (Odocoileus virginianus) are a major reservoir host for all 3 pathogens (9) . Nonetheless, several other species have also been implicated as potential reservoirs, and our understanding of their relative roles in disease transmission remains incomplete.
Efforts to identify reservoir hosts for vector-borne zoonotic pathogens have historically been labor-intensive exercises, often requiring the capture of potential wildlife hosts, experimental infection with the pathogen of interest, and a subsequent examination of the effi ciency with which these hosts pass the infectious agent to vector organisms under controlled conditions (10) . However, such laboratory-based estimates may fail to capture the true distribution of host reservoir competencies because of unknown consequences of host selection behavior by vector organisms or the unmeasured contributions of cryptic reservoir hosts (11) . An effi cient solution has emerged in the form of host blood meal identifi cation by molecular methods.
Because of the challenges posed by the duration of tick life cycles and host-seeking behavior, the feasibility of host blood meal identifi cation in ticks was only recently established (12) . Research efforts have converged upon a 2-step process: PCR amplifi cation of and labeling with biotin any remnant vertebrate DNA isolated from a tick, and reverse line blot (RLB) hybridization whereby host-specifi c oligonucleotide probes are used to detect the biotin-labeled amplifi ed host DNA. Several researchers have successfully used this technology to identify the reservoir hosts for numerous pathogens transmitted by Ixodes ricinus, a preeminent vector of tick-borne diseases in Europe (13) (14) (15) (16) . We describe the development of host-specifi c probes and the identifi cation of host blood meals in wild-caught nymphal life stage A. americanum and present direct estimates of the reservoir capacity (an estimate of the absolute contribution of a reservoir host to the prevalence of infection in a tick population) for white-tailed deer and other reservoir hosts for the emerging A. americanum-associated zoonotic pathogens (17) .
Materials and Methods

Field Collections
Questing A. americanum ticks were collected from 5 conservation areas and state parks in and surrounding St. Louis, Missouri, USA, during 2005 and 2007-2008. Ticks were collected either by dragging a 1-m 2 white cloth along the ground and over vegetation or by using CO 2 -baited traps, whereby sublimating dry ice was used to attract ticks, which then became ensnared on doublesided carpet tape surrounding the trap. Both methods have proven effective for sampling nymphal and adult life stages of A. americanum (18) . Captured ticks were removed and preserved in 70% ethanol for future identifi cation and molecular analyses. Sampling efforts were limited to deciduous forested areas, which are the primary habitats in which A. americanum completes its life cycle (5) . All subsequent analyses were limited to host-seeking nymphal life stage ticks, which for A. americanum are often presumed to have taken only 1 prior blood meal in the larval life stage.
Laboratory Methods
DNA Extraction and Amplifi cation
Nymphal life stage A. americanum were identifi ed under a dissecting microscope before DNA extraction using the method of Kierans and Durden (19) . Ticks were individually processed using 1 of 2 methods. All ticks collected in 2005 and most of those collected in 2007 were processed using the ammonium hydroxide method described previously by Pichon et al. (13) . The remainder of the 2007 and all of the 2008 ticks were processed using a modifi ed method described by Hammer et al. (20) . The success of each method of DNA extraction was confi rmed by PCR amplifi cation and agarose gel electrophoresis of tick mitochondrial 16S rDNA as described (21, 22) .
Bacterial DNA was amplifi ed in a multiplex PCR containing 2 sets of primers. Universal primers 0206 and 0209, previously described by Pichon et al. (13) , were used to amplify a portion of the 16S rDNA, and primers 23SN2 and 5SCB, described previously by Rijpkema et al. (23) , were used to amplify the 23S-5S intergenic spacer of the Borrelia burgdorferi complex. Primers 0209 and 5SCB were biotin labeled at the 5′ end to enable detection of the amplicons in the RLB assay. Primers were obtained from IDT (Coralville, IA, USA). Each set of amplifi cation reactions contained at least 1 positive control (10 μL of known pathogen DNA) and 1 negative control (10 μL of DNA extraction negative control).
Vertebrate DNA was amplifi ed by PCR using the biotin labeled primer 0049, described by Pichon et al. 2003 (13) , and primer 0035 (5′-TTCTAGAGCTAATACATGCCRA -3′). These primers amplify a portion of the vertebrate (mammal and reptile) 18S rRNA gene. Primers were obtained from IDT. As with the bacterial DNA amplifi cations, at least 1 positive control (DNA from vertebrate tissue) and 1 negative control (negative DNA extraction control) were included with each set of PCRs.
Vertebrate Tissue DNA Extraction, Sequencing, and Probe Design A small piece of vertebrate tissue, generally liver or muscle, was frozen on dry ice and then pulverized. The sample was then prepared using either the ammonium hydroxide or Chelex method. The resulting supernatant was removed to a fresh tube and a dilution of this supernatant was used in the PCRs.
Primers 0066 and 0067 (13) were used to amplify a 350-400-bp fragment of the vertebrate 18S rRNA gene. This fragment contains the area amplifi ed by primers 0049 and 0035. Primers were obtained from IDT. PCR products were purifi ed by using the Wizard SV Gel and PCR CleanUp System (Promega Corporation, Madison, WI, USA). The purifi ed amplicons were double-strand sequenced by using primers 0066 and 0067 by the Protein and Nucleic Acid Chemistry Laboratory at Washington University with ABI Prism Dye Terminator BigDye Premix version 1.1 (Applied Biosystems, Foster City, CA, USA).
MegAlign and EditSeq softwares (DNASTAR, Inc., Madison, WI, USA) were used to align and edit sequence data. The obtained sequences were aligned with 18S sequences found in GenBank and areas of variability were used to design probes.
Reverse Line Blot Hybridization
An RLB assay was used to identify bacterial DNA amplifi ed from the tick lysates. In the assay, biotin-labeled PCR products are hybridized against a set of bacteria-specifi c probes ( Table 1 ) that have been covalently linked to an activated Biodyne C membrane (Pall, Ann Arbor, MI, USA) by their 5′ amino group. Our method is based on RLB techniques previously described (13, 23) .
The probes were applied in lines to an activated membrane using a Miniblotter 45 (Immunetics, Cambridge, MA, USA). The membrane was stored at 4°C until use. Before starting the hybridization, the membrane was incubated in hybridization buffer (0.3 mol/L sodium chloride, 0.02 mol/L sodium phosphate buffer, 0.002 mol/L EDTA, 0.1% sodium dodecyl sulfate) for 45 min at 42°C. For the hybridization step, the membrane was placed in the Miniblotter with the orientation shifted 90° so that the probe lanes were aligned perpendicular to the slots. Each slot was fi lled with 140 μL of denatured biotinylated PCR products (10 μL PCR products in 140 μL hybridization solution, heated at 99°C for 10 min, then cooled on ice) and incubated at 42°C for 90 min. The PCR solutions were aspirated off and the membrane was washed twice with hybridization buffer at room temperature, then twice at 50°C with preheated buffer. Biotin-labeled PCR products hybridized to probes were detected using the CDP-Star Universal Detection Kit (Sigma, St. Louis, MO, USA) and exposure to Blue Ultra Autorad fi lm (ISC BioExpress, Kaysville, UT, USA).
A second RLB assay using host specifi c probes was used to identify vertebrate DNA amplifi ed from the tick lysates ( Table 2 ). The protocol for the vertebrate RLB was the same as for the bacterial RLB except the prehybridization wash, hybridization and high stringency wash steps were all conducted at 62°C.
Tick Identifi cation
To confi rm correct identifi cation of A. americanum nymphs used in our study, we selected 4 tick samples for which we amplifi ed and then double-strand sequenced a portion of the tick 16S rRNA gene. The 16S+1 and 16S-2 primers described in Black and Piesman (21) were used for PCR amplifi cation and sequencing.
Statistical Analyses
All statistics were calculated using Poptools version 3.0 in Microsoft Excel (Microsoft, Redmond, WA, USA) (24) . We used χ 2 tests with the Yates continuity correction to analyze patterns of pathogen co-infection and the distributions of blood meals among hosts. We estimated 95% confi dence intervals for our estimates of reservoir capacity based upon identifi able blood meals using the Wilson score method without continuity correction.
Results
Pathogen Detection
Three of the most widely reported pathogens associated with A. americanum (E. chaffeensis, E. ewingii, and B. lonestari) were detected among collections from >3 of 5 study sites (i.e., each pathogen was detected from ticks collected at >3 locations 
Host Probes
DNA from 13 vertebrate species (for which sequences of 18S rDNA were not available in the GenBank database) were purifi ed and subsequently amplifi ed for sequencing. The amplicons were double-strand sequenced and these sequences together with those available in the GenBank database were aligned to generate vertebrate host probes (Table 2) . Eventually, 20 host probes were established, and 34 vertebrate species that were identifi ed from the literature as potentially important hosts were correctly identifi ed to the matching host probe, with 1 exception (Tamias striatus reacted with Canidae probe) ( Table 3) .
Detection of Host DNA
Purifi ed lysates from all 1,383 nymphal life stage A. americanum screened for pathogenic microbes in the previous analyses were also subjected to host blood meal identifi cation. Remnant host DNA from 869 (62.8%) of these ticks hybridized with 10 of the 20 host probes used (Table  4) . Of these samples, 389 (44.8%) hybridized to the Ruminantia probe, which for wildlife hosts in the St. Louis, Missouri, region is likely limited to white-tailed deer ( Table  3 ). The remaining blood meals were distributed across a variety of taxa. DNA from more than 1 host was detected in 141 nymphal life-stage ticks (Table 4) .
Of the 68 A. americanum nymphs containing pathogenic bacteria, 47 (69.1%) contained identifi able vertebrate DNA (i.e., that hybridized with >1 host probe; Table 5 ). Of the 15 E. chaffeensis-positive samples that contained identifi able vertebrate DNA, 8 hybridized only with the Ruminantia probe, and 4 others hybridized with the Ruminantia probe plus ≥1 additional probes; thus 12 of 15 identifi able samples hybridized with the Ruminantia probe. The other identifiable E. chaffeensis-positive samples hybridized either with the Sciurus (n = 2) or the Leporidae (n = 1) probes. For the 23 identifi able E. ewingii-positive samples, 12 contained DNA that hybridized only with the Ruminantia probe, 3 that hybridized only with the Sciurus probe, and 1 that hybridized only with the Leporidae probe. All 6 of the identifi able mixed blood meal DNAs hybridized with ≥2 of these 3 host meals in pathogen-positive and pathogen-negative ticks, we were able to generate estimates of reservoir capacity (calculated as the proportion of blood meals from a given host that result in an infection for a given pathogen and includes the end products of tick feeding and molting success) for each taxonomic grouping of reservoir host and pathogen species (Table 6) .
Tick Identifi cation
Two of the tick samples analyzed contained DNA that reacted with the Squamata/Testudines probe, 1 of which was also positive for B. lonestari, and 2 samples contained DNA that reacted with the Passeriformes probe, 1 of which was also positive for E. ewingii. The sequences obtained from the 4 ticks were identical except for an extra basepair in 2 of the sequences. The sequences were compared with 16S sequences of other potential tick species in Genbank and had 98%-100% homology with A. 
Discussion
Three of the zoonotic pathogens primarily associated with A. americanum (E. chaffeensis, E. ewingii, and B. lonestari) were detected at our fi eld sites at infection rates in nymphal life stage ticks comparable to levels reported elsewhere in the region (25,26). Our array of host probes indicates that A. americanum feed from a variety of vertebrate hosts in the larval life stage, consistent with observations from fi eld studies (5). We found that most nymphal A. americanum infected with E. chaffeensis fed upon a white-tailed deer in the larval stage, consistent with the prevailing hypothesis that this is the major wildlife reservoir for this emerging pathogen (9) . Analysis of 3 other E. chaffeensis-positive blood meals associated with the Sciurus and Leporidae probes suggests that members of the genus Sciurus (likely fox and gray squirrels, S. niger and S. carolinensis, respectively) and eastern cottontail rabbits (Sylvilagus fl oridanus) may also function as wildlife reservoirs for E. chaffeensis. Most blood meals detected from E. ewingii-positive ticks were also associated with the Ruminantia, Sciurus, or Leporidae probes. Considering the lack of evidence for transovarial transmission of E. chaffeensis (6) and E. ewingii (7), we consider the wildlife hosts in these taxa to be the major reservoir hosts in this region.
No consistent associations between the sources of host blood meals and infection rates with B. lonestari in nymphal life stage ticks were found. In light of evidence that B. lonestari can be transovarially transmitted (27) , it may not be possible to determine whether an infected tick acquired this pathogen through a blood meal from an infective host or through vertical transmission from mother to offspring. Therefore, host blood meal identifi cation may not be an adequate means to identify reservoir hosts for this pathogen. Increased samples sizes combined with knowledge of transovarial transmission rates may eventually enable researchers to quantify the contributions of reservoir hosts to infection prevalence of B. lonestari in A. americanum.
Our data enable us to further generate estimates of reservoir capacity, defi ned as the absolute contribution of a reservoir host to the prevalence of pathogen infection in a tick population. This metric includes the infl uence of host abundance, the probability that a host is infected, infectivity of that host, and tick feeding and molting success rates (17) . Although this metric should not be mistaken for an estimate of actual reservoir competence (i.e., the proportion of ticks that become infected from feeding on infective hosts), it may be more informative because it includes the outcome of several ecologic processes that ultimately determine human risk of exposure to tick-borne pathogens. We found that white-tailed deer do not yield the highest absolute estimates of reservoir capacity for any of the 3 pathogens in our study. However, estimated confi dence intervals suggest this outcome may be due to small sample sizes for estimates of reservoir capacity for other reservoir hosts. In light of evidence that white-tailed deer are often infected with these pathogens throughout the range of A. americanum ticks (28-30), we hypothesize that whitetailed deer may be weakly competent reservoirs for these pathogens. However, when taking into account the frequency with which A. americanum encounter these abundant hosts, (i.e., reservoir potential) (31), it remains apparent that white-tailed deer are major reservoir hosts for A. americanum-associated zoonoses.
From the nymphal life stage A. americanum that yielded detectable host DNA in this study, 16.2% hybridized with >1 taxonomic probe. Mixed blood meals, presumably caused by bouts of interrupted feeding, have been reported from other studies on ixodid ticks using host blood meal identifi cation, at similar rates to those reported here (15, 16) . For example, Morán Cadenas et al. reported multiple host detections from 19 .2% of detectable blood meals in Ixodes ricinus, with no differences between nymphal and adult life stages (15) . The absence of a detectable blood meal in 37.2% of the A. americanum nymphs examined in our study is also consistent with results from other studies using host blood meal identifi cation in ixodid ticks (13) (14) (15) (16) . We speculate that the degradation of remnant host DNA is the primary cause of this phenomenon, because our ability to detect host blood meals declined later in the season (unpub. data).
It is crucial to temper our conclusions about the role of various hosts derived from our data with some exploration of other factors that may infl uence the outcome of host blood meal identifi cation. Various factors may infl uence the detectability of host blood meals, such as the presence of nucleated erythrocytes, host blood volume, permissiveness of hosts (a measure of the ability of a tick to successfully feed to repletion on a given host), and the region of DNA targeted for analysis (12) . Because the fi rst step of the PCR in our study is subject to dominant template bias, remnant DNA from nucleated erythrocytes may mask mammalian DNA present in mixed blood meals. Additionally, we did not directly quantify the sensitivity of our various host probes, although we did attempt to identify host probe concentrations that yielded equivalent reactions. Nonetheless, variation in host probe sensitivity may introduce another source of error in our fi ndings. In light of these potential limitations to host blood meal identifi cation, fi eld-based studies will remain necessary in order to determine if host blood meal distributions are consistent with the availability of hosts and host-vector interactions.
Host blood meal identifi cation by molecular methods offers a direct and effi cient approach for understanding the contributions of both reservoir competent and incompetent hosts to the transmission dynamics of tick-borne diseases. Through this emerging technology, we show the major role played by white-tailed deer in facilitating the emergence of A. americanum-associated zoonoses. However, the apparent contributions of various other hosts to pathogen transmission highlight the need for a community approach to understanding vector-borne zoonoses. Future applications of these methods will generate information for approaching a variety of topics of pressing concern to public health, including the potential impact of anthropogenic landscape change on human risk of exposure to zoonotic pathogens.
